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APPARATUS AND METHOD FOR THE
APPLICATION OF PRESCRIBED,
PREDICTED, AND CONTROLLED CONTACT
PRESSURE ON WIRES

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 11/207.,096, now U.S. Pat. No. 7,279,916, filed
Aug. 17, 2005 that claims the benefit of U.S. provisional
patent application No. 60/615,601 filed Oct. 5, 2004, and

which 1s incorporated herein 1n 1ts entirety by the reference
thereto.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention pertains generally to an apparatus and
method for device design, prediction of 1ts mechanical behav-
1or and passive control of contact pressure using the phenom-
ena of bending of wires subjected to axial loading, including
the phenomenon of elastic stability, and with a particular
emphasis on mechanical, electrical, optical, and heat remov-
ing devices.

2. Description of the Prior Art

The performance of many mechanical, electrical, optical
and thermal devices 1s sensitive to the level of, and the
changes in, contact pressure. For example, a tlexible (“Euler”,
“Cobra”, buckled beam) electrical test probe provides an
attractive solution to making electrical contact to a large
number of close-center probe pads 1n advanced packages for
very large scale integration (VLSI) devices. The pressure
provided by such a probe should be high enough to ensure
suificient electrical contact, but low enough not to crack the
chip or to cause damage to the probe itself. A similar situation
takes place 1n some fiber-optic based devices, such as, optical
sensors, optical connectors, as well as 1n some heat removing
devices. The produced pressure caused by the bent and/or
buckled heat conducting wires or carbon nanotubes (CNTs)
should be high enough for a satisfactory heat transter perfor-
mance of the thermal interface, but low enough not to cause
damage to the hot body, which might be mechamcally vul-
nerable, nor to the wires or the CNTs themselves. This
requirement often 1mposes signmificant restrictions on, and
difficulties 1n, how the wire-grid-array (WGA) 1s designed.,
manufactured, and operated. In some applications, such as,
CN'-based advanced heat-sinks, 1t 1s practically impossible
to create a viable and functionally reliable product, if effec-
tive and msightful predictive modeling, preferably based on
an analytical approach, 1s introduced and carried out prior to
actual design and manufacturing efforts.

Prior art solutions suffer from several deficiencies. Nota-
bly, several mechanical and physical design problems arise in
connection with such an application, including:

a) Insuificient anchoring strength of the root portion of the

rods, including weak adhesion to the base; and

b) Extraordinary variability of the diameters and lengths of

the grown wires and, because of that, a significant vari-
ability and even uncertainty 1n the produced contact
pressure.

Accordingly, 1t would be advantageous to develop a device,
a design methodology and practical solutions to enable one to
realistically prescribe, thoroughly predict and effectively
control the contact pressure. It would be further advantageous
to examine different design options and develop simple and
casy-to-use formulae and calculation procedures that enable a

10

15

20

25

30

35

40

45

50

55

60

65

2

WGA designer to choose the appropriate materials and the
adequate geometric characteristics of the WGA wires, and
predict with high accuracy their mechanical behavior, includ-
ing contact pressure, displacements, stresses and even the
probability of Tunctional and/or mechanical failure.

SUMMARY OF THE INVENTION

The mechanical behavior of wires subjected to axial load-
ing and experiencing bending deformation 1s used to ensure
elfective control of the contact pressure in mechanical and/or
heat removing devices, and similar structures and systems.
An apparatus for taking advantage of the characteristics of
wires 1n packaging of a device, such as a semiconductor
device, 1s disclosed, as well as a test device for identifying the
accurate contact pressure required in same. Methods for the
prediction of such a behavior in the pre-buckling, buckling,
and post-buckling conditions 1n wires, carbon nanotubes
(CNTs), and similar wire-grid-array (WGA) structures are
also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view of an exemplary embodi-
ment of a device with a WGA that could be bent or buckled;

FIG. 2 1s a schematic diagram of a wire experiencing large
elastic deformations;

FIG. 3 1s a table describing the post-buckling behavior of a
wire and showing results for the ratio of actual compressive
force to critical (FEuler) value of this force, the ratio of the
lateral displacement (lateral coordinate) of a wire’s end to the
initial (non-deformed) length of the wire, and the ratio of the
axial displacement (axial coordinate) of the wire’s end to the
init1al (non-deformed) length of the wire vs. different values
ol the rotation angle at the end of the wire, which experiences
large (highly nonlinear) elastic deformations under the action
of a compressive force, which 1s applied to the end of the wire
in the axial direction;

FIGS. 4a and 4b are schematic diagrams showing wires,
idealized as beams, lying on, or embedded in, a continuous
clastic or inelstic foundation (medium) and subjected to a
compressive force applied to the wires’ free end;

FIG. 5 1s a schematic diagram showing an nitially curved
wire clamped at its ends, lying on a (partial) elastic founda-
tion and subjected to compression;

FIG. 6 1s a schematic diagram showing of an “Euler” test
vehicle;

FIG. 7 depicts the mechanical behavior of a wire with an
olflset of 1ts ends, clamped at its ends, and subjected to com-
pression;

FIG. 8 1s a table showing values of the applied (“interfa-
cial”) pressure p, the ratio T/T _=p/p_ of the actual compres-
stve force (pressure) to 1ts critical value, the ratios a/l,b/1, of
the lateral, a, and the axial, b, coordinates of the wire tip to the
wire’s 1itial length, 1, and the ratio A/1=1-b/1 of the axial
displacement A to the wire’s 1nitial length, 1, computed for
different o values:

FIG. 9 15 a diagram showing examples of elastic curves of
a deflected wire 1n 1ts pre-buckling, buckling, and immediate,
1.€. close to buckling, post-buckling condition; and

FIG. 10 1s a table showing an example of data for the actual
physical design of a CNT array (*“forest”) module.

DETAILED DESCRIPTION OF THE INVENTION

The invention disclosed herein uses the phenomena of
bending and the elastic stability or instability of rods, whether
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free-span, 1.e. un-embedded 1nto any elastic or 1nelastic con-
tinuous medium, rods, or those that can be 1dealized as beams
lying on continuous foundations. In accordance with one
embodiment of the mvention, these phenomena are used to
provide and control the required contact pressure for a wire-
orid-array (WGA). A key objective of the mvention 1s to
develop a WG A design that 1s least sensitive to the inevitable
variations 1n materials’ properties and wire (“beam™) geom-
etries (diameters, lengths, prismaticity, etc.). The WGA may
comprise of, but not limited to, a plurality of rods, which
include, but are not limited to, nano-rods, nano-wires, carbon
nanotubes (CNT), optical fibers, carbon nano-fibers, Gecko
type “hair”, Velcro-type elements, and the like. For the pur-
pose of this disclosure, the terms wire(s) or rod(s) are used
interchangeably to indicate, without limitation, nano-rods,
nano-wires, carbon nanotubes (CNT), wires, beams, pillars,
optical fibers, carbon nano-fibers, Gecko type “hair”, Vel-
cro®-type elements, and the like, where a wire 1s any struc-
tural element that 1s subjected to bending by the application of
an axial bending force, with or without actual bending of the
wire. In accordance with the invention, a wire may or may not
be partially or fully embedded within an embedding material,
as discussed 1n more detail below.

Reference1s now made to FIG. 1 where an array ofrods, for
example a CNT array, intended for heat removal, 1s shown.
The rods 170 may be of a composed type, with or without an
iitial curvature, and lateral (“ends oflset”) and/or angular
misalignment of the wire ends. It has been found (see, for
instance, P. Kim et al., Physical Review Letters, vol. 87, 2001)
that CN'T's can provide extraordinary high heat transfer capa-
bilities and therefore there 1s an obvious incentive to employ
them 1n heat removing devices.

In accordance with the invention, 1t 1s disclosed that
WGAs, such as vertically aligned multi-walled rods, are
manufactured on silicon or non-silicon, ¢.g. metal bases, sili-
con walers, etc., where the root portions of the CNTs are
positioned, or otherwise anchored within a single or multi-
layer structure, having a suificiently high effective Young’s
modulus and a suificiently high coetlicient of thermal expan-
sion (CTE), intended to provide a reliable anchoring of the
WGA root portion, as well as better heat transter. The struc-
ture 150 1s placed inside of the base 120, that may further
include spacers 130 that provide an adequate protrusion of the
CNTs so that their axial displacements under the action of the
axial forces are not larger than necessary for their compres-
sion-1nduced bending or buckling. The spacers 130 are placed
between the base 120 and a hot body 110, the hot body being,
for example, the back side of a semiconductor chip. Hot body
110 provides a contact interface and an area of contact pres-
sure. The WGA 1s further placed 1n a low modulus continuous
medium (further referred to as “low modulus material”, or
LMM) 160, in which the rods 170 are fully, or partially,
embedded and which has, 11 necessary, good heat transter and
other useful mechanical and physical characteristics, such as
the right viscosity, good wettability with respect to the contact
matenals, etc. In addition, an optional single or multi-layer
structure 140 may be needed to provide a second support for
the WGA to make 1ts performance, as far as contact pressure
1s concerned, more consistent and predictable. The rods or
wires 170 protrude beyond the walls of the base, 1.€. substrate,
120 and establish contact with hot body 110 prior to estab-
lishing of contact by spacers 130 of base 120.

Reference 1s now made to FIG. 2, which shows a schematic
ol a wire experiencing large, non-linear, elastic deformations,
and to FIG. 3 where a corresponding table shows values 1n
respect of the bending angles. Accordingly, the data in FIG. 3
enable the determination of the required protrusion and the
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4

required axial displacement for the given (designed) pressure
for the mitially straight or bent wire clamped at its low end

and Iree at the other. The critical (Euler) force 1s determined,
for a wire that could be 1dealized as a cantilever beam, as:

~El nEd (1)

le= 27 = 53¢

FIG. 4A, shows a schematic 400 of a wire 402 that can be

idealized as a beam lying on a continuous elastic foundation.
In this case the critical (Euler) force 1s expressed as:

1 2
T, =2+ KEI = Edzx/:’rKE ()

where K 1s the spring constant of the foundation. The critical
pressure induced by this wire 1s:

(3)

and 1t 1s, therefore, independent of the wire length and diam-
cter. In a typical and exemplary nanotube, the diameter of the
wire 1s 1n the range of 20-50 nanometers, and the wire length
1s 20-100 micrometers. The buckling pressure to be applied 1s
for a typical and exemplary nanotube in the range of 10-100
pounds per square inch (ps1). In one embodiment of the inven-
tion, and as further shown 1n schematic 420 of FIG. 4B, the
wire 422 1s coated by a coat 424, the coat being, for example,
of heavy metal such as copper, gold, titanium, nickel, or the
like, for the better mechanical and, optionally better thermal
performance of the WGA. The main objective of this coat, as
far as the mechanical behavior of the wire 1s concerned, 1s to
lead to a greater distributed weight of the wire 422, so that a
lower force, T, 1s required to buckle the wire. Specifically, a
coated wire 1s essentially closer to its buckling point, but
nevertheless 1s still at 1ts pre-buckling state.

In yet another embodiment of the invention, the upper
portion of the coat 424, that may be in contact with another
surface (for example with the surface of a semiconductor
chip), 1s further coated with a liquid resistant, or barrier,
material such as Teflon, to avoid direct contact between the
wet surface of an LMM, as described 1n ore detail above, and
the surface of such a chip. The main objective of such a
barrier, also referred to as a “creep barrier”, material 1s to keep
the LMM trapped within the WGA and not to allow the LMM
to “creep out” the WGA. A person skilled-in-the-art would
readily realize that the teachings above may be applied sepa-
rately or 1n any combination to achieve the desired results,
without departure from the scope and spirit of the invention.

FIG. 5 shows a schematic of an nitially curved wire with
two ends clamped and partially supported by an elastic foun-
dation. Notably, a wire with an 1nitial curvature, and/or ends
ollset, behaves as a nonlinear spring, in which the axial and
lateral displacements gradually increase with an increase 1n
the applied axial force, while an 1nitially straight wire remains
straight up to the very moment of buckling. In the actual
design the wire may or may not be embedded (fully or par-
tially) into a LMM, and the LMM can be based on an organic
(e.g., silicone gel type) or mmorganic (e.g., Ga, In—Ga or any
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other low temperature melting alloy, which 1s liquid at room
temperature, and, or at the operating temperatures) material.

In accordance with the invention, an Euler test vehicle 1s
designed for applying a given pressure to a specimen under
operation and/or test, for the purpose of keeping the pressure
within a relatively narrow and desired, or otherwise required,
limit. The mechanical behavior of the test vehicle shown 1n
FIGS. 6 and 7 1s based on the use of the phenomenon of
buckling of rods (wires). The 1nitial curvature, and/or ends
olffset, does not change the critical (buckling) force, but has a
tavorable effect on the pre-buckling behavior of the wires: 1n
a wire with an 1nitial curvature (oifset of 1ts ends) the lateral
and axial deflections increase gradually when the applied
axial (compressive) force changes from zero to 1ts finite (1n-
cluding critical) value and acts as a nonlinear spring, while an
initially straight wire remains straight up to the very moment
of buckling, and starts exhibiting its spring effects only 1n the
post-buckling mode.

The principle of the operation of the device shown 1n FIG.
6 1s made apparent 1n conjunction with the drawing in FI1G. 7.
The pressing element 600 1s designed in accordance with the
dimensions of the tested specimen. The pressure 1s applied by
rotating a screw 610. The threads of screw 610 should be fine
enough to ensure accurate axial displacement and corre-
sponding pressure. The axial motion and applied pressure 1s
read from a dial 630. Alternatively, a strain gage of any kind
could be used to measure the induced force and, 11 necessary,
the corresponding axial displacement. Any non-contact way
of measuring the axial displacements 1s also possible, for
example, measuring the electrical capacitance between the
WGA base and the specimen under test. In one embodiment
of the invention, wires 660 are arranged around the periphery
ol a test specimen 650, leaving the mid-portion of the speci-
men 650 accessible. In yet another embodiment of the mnven-
tion, the wires are arranged 1n accordance with the array of
wires of a conceived device. The vertical structural elements
640 are of a circular cross-section. Pressure 1s applied to the
wires 660 by means of a plate 620 that 1s displaced vertically
by the turn of the screw 610. Hereinafter, there 1s provided a
detailed discussion of the various types of behaviors dis-
cussed 1n general terms above.

Critical force and contact pressure for a cantilever free-
span wire with an 1mitial curvature (pre-buckling and buckling
modes).

The differential equation of bending for such a wire 1s:

EIWY ) +TIw" (x)+w"o(x)]=0 (4)
where w(x) 1s the deflection function, w,(x) 1s the mnitial
curvature, EI 1s the flexural rigidity of the wire and T 1s the
applied axial force. Equation (4) takes mto consideration the
fact that the bending moment produced by the compressive
force T 1s due to both the initial curvature of the wire and to 1ts
torce-induced curvature. The total deflection of the wire can
be found as:

(3)

where 1 1s the maximum initial deflection, 1 1s the 1nitial
length of the wire span, and

Tt El

TE — = —
412 256 | |

.’H’3 d? ]2 (6)
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1s the buckling (critical) force. The pressure produced by
WGA can be easily found as:

(7)

7 d
P = af?E(?]

where M 1s the portion of the total area covered by the wires,
indicating the percentage of the total area of the CNT base
that actually experiences the compressive force, E 1s Young’s
modulus of the wire material, and d/l 1s the ratio of the wire
diameter to 1ts respective length.

The axial displacements can be found as:

(8)

The formulas 4-8 enable one to design the WGA for the
required pressure 1n the pre-buckling mode.

Critical force and contact pressure for a cantilever free-
span wire (post-buckling mode).

It 1s assumed that in the post-buckling mode, the initial
curvature does not have to be considered. The distances a and
b, shown in FIG. 2, can be found as:

2p 2 (9)
ﬂ—? b—EE(P)—L
where
A r K(p) (19)
Pl R o BT T

and the functions K(p) and E(p) elliptic integral of the first
and the second kind respectively, are tabulated. The calcu-

lated data are shown 1n the table in FIG. 3.

In practical calculations, one should assume certain T/T,
ratios and evaluate the corresponding a/l ratios and b/l ratios.
Then determine the critical force using formula (6), and the
value of the actual compressive force T=T . Then one should
determine, for the . value from the table in FIG. 3, the module
p=sin{c/2) of the elliptic Tunction and the parameter k from
the second formula 1n (10). Then one should determine the
functions K(p) and E(p) from the existing mathematical table
shown 1 FIG. 3. Then determine the 1 value from the third
formula 1 (10). Then one should determine the a and b
distances from the known a/l and b/l ratios. The required
length-to-diameter ratio can be found from the formula (7) for
the given pressure p as

(11)

Critical force and contact pressure for a wire (CNT)
embedded with a low modulus medium (pre-buckling and
buckling modes).
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In the case of a fully embedded wire, the buckling force of
a wire of a circular cross-section can be found as:

(12)

arZ
T, =2VvKEIl = IVJTKE

where K 1s the spring constant of the elastic foundation pro-
vided by the LMM.
The induced pressure can be computed as:

(1 =3 -4EE, (13)
2 2_1

(3 — 4y lnt — "”;/"“g

Fo Fl/ﬂj-l-l

p=2n

\(1+v)

where v 1s Poisson’s ratio of the low modulus medium, and

B3 -4+ 1 (14)

Fl

ro 21 =w3-=4v)s °

where s 1s a small enough number. Formulas (13) and (14)
presume that the pressure p 1s produced by a LMM region that
experiences appreciable deformations due to the bent (buck-

led) wire.
With v=0.5, s=0.1, and v=0.25, formula (14) yields:

p=0.186 [EE,

where E 1s Young’s modulus of the CNT maternial and E 1s
Young’s modulus of the embedding material, which 1s 1deal-
1zed as a low modulus medium. As one sees from the formulas
(13) and (15), the induced pressure depends only on the
Young’s modulus of the material and 1s independent of the
diameter-to-length ratio of the wire. Formula (15) indicates
also that the required (for the given contact pressure) compli-
ance of the LMM 1s dependent on the Young’s modulus of the
WGA matenal.

A person skilled-in-the-art would appreciate that the dis-
closed 1nvention 1s not limited to a single application and,
without limiting the scope of the mvention, the mnvention 1s
applicable to multiple forms of rods or wires. These include,
but are not limited to, wires, nanotubes, nano-rods, Gecko-
type “hair”, Velcro-type elements, etc. Hence, a device and a
test device for creating a predetermined (“prescribed”), pre-
dicted and controlled contact pressure, for any application, by
using the phenomenon of elastic stability of rods or the bend-
ing deformation of mmitially deflected rod (wire)-like ele-
ments, 1s therefore shown. Either the total lengths of the wires
or only their protruded portions may be subjected to bending,
1.€., experience elastic instability, or buckling, as a result of
the application of the axial force.

In addition, pre-buckling, buckling and post-buckling
(highly nonlinear) deformations (deflections) of rods (wires,
CNTs, etc.) are considered, and the mechanical behavior of
the wires 1s predicted with high accuracy, whether on a deter-
ministic or a probabilistic basis, with an emphasis on the
produced contact pressure, and 1s further addressed. The
device 1s further designed for removing heat from a hot sur-
face, such as a high power chip.

A device 1 accordance with the disclosed invention 1s
designed for flexible (“Euler”) electrical test probes, for fer-
ruled high-density fiber array connectors, and/or for an

(15)
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“Fuler” test vehicle, which 1s intended for providing the
required lateral pressure on a specimen under test. The wires
in such a device may be obliquely oriented with respect to the
base. The wires can be straight or can have a more compli-
cated configuration. Such a configuration can be achueved by
providing umdirectional plasma tflow and/or unidirectional
air blow during the fabrication of the rods/wires. The flow can
be mnitiated at ditferent points of time and 1ts mntensity can be
changed/adjusted depending on the particular wire configu-
ration that 1s intended to be achieved.

Furthermore, a device 1in accordance with the invention
may be designed for the experimental evaluation of Young’s
modulus of a rod/wire material from the measured axial force
and the corresponding displacement, and based on the devel-
oped analytical predictive model that enables one to evaluate
the said Young’s modulus from linear or nonlinear elastic
deformations of the wire. This can be achieved by measuring
the axial force and the axial displacement, by solving the
equation for the Euler force for the Young’s modulus of the
material, and by computing this modulus for the measured
force and the displacement for different load levels. This
technique can reveal also any nonlinear relationship, 11 any,
between the force (stress) and the displacement (strain).

In another embodiment of the disclosed device cantilever
(“‘clamped-iree”, 1.e., clamped at one end and free at the
other) rods/wires are used. In some other cases (1in the case of,
say, “clamped-clamped™ wires), both ends of the rods/wires
are supported. Specifically, while the root end of the wire 1s
rigidly clamped (firmly anchored), the upper end, although
restricted from angular deformations, can slide 1n the axial
direction under the action of a compressive force applied to 1ts
tip. The angles of rotation at both ends are supposed to be zero
or next-to-zero, 1f the support 1s not 1deally rigid, during the
wire deformation. In yet another embodiment of the invention
the mitial curvature (and/or the ends offset) 1s predefined,
introduced and considered in the pre-, post- or buckling
modes of wire performance. Furthermore, the geometry of
the wires (length, diameter, 1n1tial curvature, ends offset) may
be predefined (established beforehand), and their mechanical
behavior can be predicted with high accuracy, based on the
developed analytical models. The wires may be further coated
in one or more layers for improved mechanical behavior 1n
bending and buckling.

In yet another embodiment of the mvention the root por-
tions of the rods are reliably anchored using, 1f necessary,
high modulus, high CTE, and, 1n the case of thermal devices,
also highly thermally conductive materials. These materials
can be applied onto the wire grid array (WGA), for example,
by chemical vapor deposition, physical vapor deposition,
plasma deposition, 1on sputtering, electrochemical deposi-
tion, by casting from liquid phase, or 1n any other suitable
way. The employment of a LMM (whose matrix can be based
on a silicone gel type material; highly viscous and, 11 neces-
sary, thermo-conductive fluid; thermal grease, including
phase changing materials; low-temperature melting metals,
such as, e.g. Ga and In—Ga alloys, etc)., enables one to
convert a free-span wire to a wire whose mechanical behavior
can be 1dealized as those for a beam lying on a continuous
clastic foundation. The employment of a LMM can be needed
for lesser sensitivity of the contact pressure to the variations 1n
the wire parameters. The resulting pressure 1s wire length and
its diameter independent and depends only on the Young’s
modulus of the wire material and the spring constant of the
clastic foundation (embedding medium). In addition, the
employment of a LMM provides reliable separation between
rods, thereby avoiding direct contact of the rods with each
other (a “spaghett’” situation) and further stabilizing the
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mechanical behavior of the WGA. The LMM may have a high
thermal conductivity 1f such 1s necessary, as well as adequate
viscosity, good wettability, and other physical and chemical
attributes, 11 such properties are also important for successiul
manufacturing and performance of the module.

In yet another embodiment of the invention there 1s
employed a high modulus, low CTE material for providing a
secondary support for the upper end of long enough rods, 11
such a support 1s deemed to be necessary for amore consistent
mechanical and/or functional performance. Notably, in
accordance with the invention, partially or totally embedded
wires with constant or variable mechanical characteristics of
the embedding medium, are also possible. The end portions of
the wires may be further embedded into a low modulus and
highly thermally conductive material that 1s filled with vari-
ous highly conductive particles, including nano- and/or
micro-particles and CNT fibers. The device may be attached
to the hot body by using the Gecko phenomenon and/or
Velcro concept and/or vacuum air caps, or 1n any other way.

It 1s further noted that van der Walls forces of different
nature may be responsible for the Gecko effect and are further
enhanced due to the application of an external electric field.
While Gecko wires supposedly have only orientation-related
torces, the induced and dispersion Van der Walls forces can be
used, 1n addition to the orientation forces, to enhance the
Gecko effect.

The disclosed device may be designed on the basis of a
probabilistic approach, which takes into consideration vari-
ous 1nevitable uncertainties and variabilities of the materials
and geometric characteristics of the WGA and 1s used to
ensure that the probabaility to find the contact pressure within
the required range 1s sufficiently high. The probabilistic
approach can be used also to revisit the design and materials
selection, if the predicted probability of a functional and/or
materials failure 1s higher than the acceptable level.

A person skilled-in-the-art would realize that the benefits
of the disclosed invention may be easily adaptable for use 1n
engineering applications well beyond the described applica-
tions, 1n the fields of engineering such as civil, electrical,
mechanical, ocean, aerospace, automotive, and structural
engineering, to name but a few. Therefore, the disclosure
herein above should be read to be equally usetul 1n other areas
ol engineering, without limitations of the specific examples
provided herein.

The analysis heremafter 1s provided for the purpose of
turther teaching related to the above invention and assisting 1n
the understanding of the considerations taken in practicing,
the invention. The analysis 1s not intended to limit the mven-
tion, but rather provide a certain theoretical basis for the
invention hereinabove. Specifically, flexible wire-like struc-
tural elements subjected to axial compression and experienc-
ing bending deformations 1n the pre-buckling, buckling or
post-buckling modes (“Fuler” rods) have been used to pro-
vide a desirable spring efiect in some mechanical, electrical
and optical devices. In the analysis that follows we model the
mechanical behavior of cantilever wire-like elements sub-
jected to axial compression having 1n mind primarily thermal
interfaces that employ carbon nano-tube (CNT) arrays (“for-
ests”). The obtained formulas enable one to design a CNT or
any other wire-grid array (WGA) with the prescribed, pre-
dicted and controlled interfacial (contact) pressure. They also
enable one to predict the configurations (elastic curves) of the
wires. The contact pressure should be high enough for the
adequate performance of the device, but low enough not to
compromise the strength of the contact materials. We mtend
to examine free span wires, as well as wires embedded 1nto an
clastic medium. By embedding a WGA into a LMM one can
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make the contact pressure insensitive to vanations in the
geometric characteristics of the WGA. We suggest that, 1f
possible, the WGA 1s designed in such a way that the wires
operate 1n buckling and/or slightly post-buckling conditions.
In such a case, the induced pressure 1s least sensitive to
variations 1n the axial displacements and remains close to the
buckling pressure.

The analysis performed 1s based on the following assump-

tions:

a) Wire-like structural elements in question can be 1deal-
1zed as cantilever beams (tlexible rods/wires), and the
engineering theory of bending and buckling of beams
can be used to analyze their mechanical behavior;

b) Structural elements in question perform elastically for
any stress/strain level;

C) Stress-strain relationship for the WGA material 1s linear,
1.€. stress/strain level independent;

d) WGA wires are characterized by large length-to-diam-
cter ratios, so that the shearing deformations need not be
accounted for; this 1s generally true, as long as these
ratios are larger than, say, 12-15;

¢) Hollows 1n wire structures, 11 any, are small, do not affect
their mechanical behavior and need not be considered:

1) Wires are rigidly clamped at their root cross-sections and
free at the other ends:

o) Contact surface (interface) 1s 1deally smooth and does
not restrict the lateral displacements of the wire tips at
any strain/displacement level;

h) Wire-like structural elements embedded into a LMM can
be treated, or otherwise 1dealized, as flexible beams
lying on a continuous elastic foundation provided by
such a medium;

1) Spring constant of the elastic foundation provided by the
[LMM should be evaluated, however, for a wire-like ele-
ment embedded into, but not actually lying on, an elastic
medium, 1.e. by considering the fact that the wire 1s
surrounded by, and 1s attached to, the LMM;

1) Elastic modulus of the wire matenial 1s significantly
higher than the modulus of the embedding medium, and
therefore the circumierential shape of the wire cross-
section remains circular during the wire deformations;
in other words, the spring constant of the elastic foun-
dation can be evaluated assuming that the cross-section
of the wire 1s displaced, but 1s not deformed; and

k) Imitial curvatures (deflections) of the wire-like elements
affect the pre-buckling (linear) behavior of the wire, but
do not affect the large post-buckling deflections of the
wires.

Following there 1s provided an analysis of free-span wires,

beginning with the behavior 1n the pre-buckling mode.

The equation of bending (equilibrium) for a wire-like

structural element subjected to axial compression 1s as fol-
lows:

EWY () + T (x)+ws(x)]=0. (16)

Here w(x) 1s the (force-induced) detlection function, w,(x)
are the 1mitial (stress free) deflections that can be represented
as

wo(X) = fDSin%a (17)

where FEl 1s the tflexural rnigidity of the wire, E 1s the Young’s
modulus of the wire material, [=ntd*/64 is the moment of
inertia of the wire cross-section, d 1s 1ts diameter, 1 1s the wire
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length, 1, 1s the maximum 1nitial detlection (at the wire tip),
and T 1s the compressive force. The origin, O, of the coordi-
nates X,y 1s at the free end of the wire. The axis X 1s perpen-
dicular to the clamped cross-section, and the axis y 1s parallel
to this cross-section.

The approximate solution to the equation (16) 1n the form
(17) 1s sought as:

) = Csi X
w(Xx) = 51112£,

(18)

where C 1s the constant of integration. Expression (17) and its
solution (18) are consistent with the boundary conditions:

w(0)=0,w”(0)=0w (=0,w"“(1)=0 (19)
These conditions indicate that the deflection and the bending
moment at the wire’s free end at the given force level are zero,
and so are the rotation angle and the lateral force at the wire’s
root cross-section. Introducing the formulas (17) and (18)

into the equation (16) we find that:

Jo (20)
C = T l,
= -
where
L _TEL (& . (21)
« =z =" H 16l

1s the critical (Euler) force for a cantilever beam. Then the
solution (18) results 1n the following formula for the force-
induced detlection:

_ fﬂ . X (22)
wix) = E » 51115
T
The total detlection 1s
wr(X) = wo(x) + wix) = fDT Sing (23)
-
T,

The axial force-induced displacement of the wire tip can be
found as

A | (24)
-1
T
where
72 f2 (25)
bo=(3) T

1s the 1nitial (stress-iree) displacement. From (24) 1t can be
casily found that:
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T = p | (20)
[ do [ Ao
1 + e 1 + e
where
4T (27)
P=—"7
nd
1s the actual contact pressure and
4T, (mdY (28)
Pe = nd? E(ﬁ]

1s 1ts critical value.

The following conclusions could be drawn from the above
analysis:

a) Within the framework of the taken approach, the actual
force (pressure) reaches half of 1ts critical value, when
the force-induced axial displacement becomes equal to
the initial axial displacement;

b) A linear approach predicts accurately the critical force
(pressure), while the formulas for the predicted dis-
placements are valid only for displacements that are
considerably lower than their critical values;

¢) While the total deflection can be obtained as a sum of the
initial deflection and the force-induced deflection, the
total axial displacement cannot be found in the same
fashion; this 1s because the axial compliance (spring
constant) 1s displacement dependent, 1.¢. the force-dis-
placement relationship 1s not linear;

d) The actual and the critical forces are proportional to the
wire diameter to the fourth power (because they are
proportional to the moment of 1nertia of the cross-sec-
tion), and are therefore sensitive to the change 1n this
diameter. The corresponding pressures, however, are

proportional to the diameter-to-length ratio squared,
and, for this reason, are less sensitive to the variability in
the wire diameter; and

¢) It 1s the diameter-to-length ratio that defines the pressure
level, and not the diameter and the length taken sepa-
rately.

The axial compliance of the wire can be found as the ratio
of the axial displacement of the wire tip to the corresponding
compressive force as follows:

(29)

=ﬁ(ﬁ+ﬁn

This formula indicates that indeed the 1nitial deflection and
the axial displacement need not be considered i1 the force-
induced axial displacement A 1s substantially larger than the
initial axial displacement A,. This takes place, when the wire
performs 1n the near-buckling, buckling or post-buckling
mode. In such a situation, 1.¢. when the mitial displacement 1s
either zero or need not be accounted for, the wire compliance
can be evaluated as
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A (30)

Let, for instance, a CN'T array (“forest”) 1s used as a suit-
able WGA. Assuming that the Young’s modulus of the CNT

material 1s as high as:

E=1.28 TPa=1.306x10" ke/mm~*=185.7 Mpsi®,

putting CNT length and diameter as 1=40 um,d=40 nm, and
using the formula (21), 1t can be easily found that the critical
forceis T ,=2.531x107"" kg. Let, for instance, only 40% of the
contact area be covered by the WGA. Then the predicted
contact interfacial pressure due to the buckled CNTs 1s:

AT, (31)

d -

nd Y 3 2 .
E(_] = 8.056% 107 ke/mm? = 11.5psi

PE:T? 83

The post-buckling behavior of the wire can be evaluated,
for large deflections, using the “elastica” model. The mitial
length, 1, of the wire, the ratio T/T_=p/p_ of the actual force
(pressure) to 1ts critical value, and the coordinates y=a (par-
allel to the clamped cross-section) and x=b (perpendicular to
the clamped cross-section) of the wire’s root end with respect
to the origin (located at the wire tip) are as follows:

Kip) T [2 2 2 2 (32)
— p— —K _- b:—E —l

x T [ (P)] a=- p (p)
where,
s |7 (33)
"\ EI T 42\ nE

1s the parameter of the axial force, p=sin{a/2) 1s the module of
the elliptic function, ¢ 1s the angle of rotation at the free end,
1.¢. the angle that the tangent to the wire’s elastic curve at 1ts
free end forms with the x axis, and

(34)

12
o 72
K(p) = f / , E(p) =f \/1—;?281112@ d ¢
0 \/1 — p2sin®¢ 0

are the tabulated complete elliptic integrals of the first and the
second kind, respectively. The values of p, T/T =p/p_, a/l, b/l,
and A/1I=1-b/1 computed for different ¢ values are shown 1n
FIG. 8. Let, for mstance, the force-induced axial displace-

ment, A, be A=1.208 um, so that, with 1=40 um, we have
A/1=0.0302. Then the data shown in FIG. 8 predict that

p=1.01534p_=1.01534x11.5=11.7 psi.

It 1s advisable, whenever possible, to reach and, preferably,
even to somewhat exceed the critical pressure, because 1n the
neighborhood of the critical condition the actual pressure, as
evident from Table 1 data, 1s not very sensitive to the change
in the axial displacement. On the other hand, the sensitivity
analysis based on the second formula 1n (26) shows that when
the actual displacement 1s small and, as a result of that, the
contact pressure 1s low, this pressure rapidly increases with an
increase 1n the axial displacement. In the above example, the
a/l and the b/l ratios are 0.2194 and 0.9698, respectively, so
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that the coordinates of the wire tip with respect to its root
cross-section are a=8.78 um and b=3.88 um. The information
of the induced displacements 1s useful, particularly, for the
selection of the adequate average spacing between the adja-
cent wires, so that to avoid a “spaghett1” situation, when the
deflected wires touch each other and form a bundle, instead of
an array, clearly undesirable from the standpoint of a consis-
tent and predictable mechanical behavior of the WGA.

The axial compliance can be found as the ratio of the axial
force-induced displacement to the corresponding axial force:

(35)

A AT,
C:—:——
T T. T

Comparing this formula with the formula (30), we con-
clude that the factor T /T retlects the effect of the large axial
displacements of the wire tip on the wire’s axial compliance.
The axial induced displacement can be evaluated as

2 (36)
A=l-b=2-ZE(p)
Then the formula (35) yields:
C_zﬁ (37)
= X (P
where the function
(p) = K(p)—E(p) (38)
A K3(p)

considers the effect of the large deflections on the axial com-
pliance. This function 1s tabulated in the table shown in FIG.
8. It 1s zero for zero axial displacement of the wire tip and
increases with an increase in this displacement.

Following 1s a probabilistic approach to the analysis. The
analysis below should be used merely as an 1illustration of
what can be expected from the application of a probabilistic
approach. As evident from the second formula 1n (26) and the
formula (28), two major factors atfect the contact pressure 1n
the pre-buckling mode (provided that the Young’s modulus of
the material 1s known with sufficient certainty): the initial
axial displacement A, which depends on the 1initial curvature
(1nitial lateral displacement), and the diameter-to-length ratio
d/l. The mitial curvature and the 1nitial axial displacement are
seldom known with certainty and therefore should be treated
as random variables. This 1s especially true for CNT arrays.
The diameter-to-length ratio for a CNT in a CNT array 1s
typically not known with suilicient certainty, and should be
treated, for this reason, as a random variable. In the analysis
that follows we address, as an 1llustration, the effect of the
initial curvature (axial displacement). If both the variables A,
and d/1 are considered, a cumulative probability distribution
function should be obtained for these two variables.

Let the maximum 1nitial lateral displacement 1, be a ran-
dom variable, with the mean value <t,>, variance D, and the
most likely value 1. It 1s natural to assume that the variable 1,
1s distributed 1n accordance with Weibull’s law. Indeed, the
sign of the displacement 1, does not matter and therefore this
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displacement can be assumed positive. Zero value of such a
displacement 1s physically possible, but the probability of
such a situation 1s zero; and, finally, low values of the variable
t, are more likely than high values.

The probability that the actual 1mitial maximum deflection
exceeds a certain level 1, 1s:

Fr(fo) = eKP{—(%T‘, (39)

where the shape parameter, a, and the scale parameter, b, are
related to the probabilistic characteristics of the random vari-
able 1, as follows:

G (40)

(fﬂ) — bF(B/Z) — Ta

Dy =b*[T(1+2/a)-T*(1 +1/al,
fo=bl-1/a)le

where

r(ﬂf):fmanrltE_Ifﬁx
0

(41)

1s the gamma-function. From (25) and (26) we find:

(42)

fo= V(B 1)

Substituting this formula into the formula (39), we con-
clude that the probability that the actual contact pressure does
not exceed a certain level P (which, in this analysis, 1s always
below 1ts critical value P ) 1s:

(43)

Fo(P) = E:xp_— 4 (

Then the probability that the contact pressure 1s found
within the boundaries P, and P, 1s

P=[P,<sp=<P,<p,] (44)

= exXp

P>

4 M(Pe - 1)_5{_

T b

— exp

P

4 m(ﬁe - 1)1{_

In a special case of a Rayleigh distribution (a=2) we have:

P=[P <p=<P,<p,] (43)

P P
sl 5 -l 5

where <p> 1s the mean value of the contact pressure. This
value 1s related to the variance, D, as tollows
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(46)

p)= 7

Let the mean value of the contact pressure be <p>=p_=11.5
psi. Then formula (45) predicts that the probability that the
actual pressure 1s found within the boundaries of, 1.e. P, =5 psi
and P,=25 ps11s p=0.6474-0.1137=0.5337=53%.

Following 1s now an analysis of the critical pressure of a
wire embedded into an elastic medium. From the standpoint
of structural analysis, a wire embedded into a LMM can be
treated as a cantilever beam lying on a continuous elastic
foundation provided by such a medium. It 1s important, how-
ever, that the spring constant of this foundation 1s evaluated
for the case of a wire embedded 1nto, and not actually lying
on, an elastic medium.

The equation of bending, with consideration of the initial
curvature, 1s as follows:

EW Y () +TIw (x)+w™ (x) [+ Kw(x)=0, (47)

where K 1s the spring constant of the foundation. The origin of
the coordinate x 1s at the clamped end of the wire. The 1nitial
curvature can be represented as

(48)

where 1, 1s the maximum 1nitial deflection, and 1, 1s the buck-
led length of the wire. The expression (33 ) satisfies the bound-
ary conditions:

wo(0)=0, WDI(O):O: wollo)=Fo :WDHI(ZD) =0

The solution to equation (47) in the form of the initial
curvature (48) 1s:

(49)

(50)

This solution also satisfies the boundary conditions (49).
After introducing the expressmn (48) and the sought solution
(50) 1nto equation (47), and using Galerkin’s method to solve
this equation, we obtain:

fo (51)
C= K1
—_— _|____
T° T¢

where the following notation 1s used:

g=(m/ly)*

Then the solution (50) results 1n the following formula for
the elastic curve:

(52)

fo X (53)
e T 'S ( _C”SE)
TS T
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Within the framework of the taken approach, which 1s
similar to the approach employed above 1n the analysis of a
free span wire, the deflections tend to infinity, when the com-
pressive force tends to its critical value, T . Equating the
denominator in the expression (53) to zero and putting the

compressive force T equal to T, the following formula for
this force 1s obtained:

K (594)
T, = EI¢ + z

The minimum value:

7 =2 /[KEI (55)
of this force takes place for
[k (56)
CTNE
1.¢. Tor the buckling length
Iy (37)
lo =4 —
K

For large enough K values, this buckling length can be
considerably lower than the wire length. Hence, this explains
the reason that the critical force determined by the formula
(55) 1s wire length independent.

The critical pressure

(58)

1s independent of both the wire length and 1ts diameter. Com-
paring the formula (58) with the formula (28), leads to the
conclusion that while the critical pressure 1n the case of a free
span wire 1s proportional to the diameter-to-length ratio
squared and 1s proportional to the Young’s modulus of the
wire material, the critical pressure in the case of a wire
embedded into a LMM 1s independent of the wire length and
diameter, and 1s proportional to the square root of the wire
material modulus. This circumstance provides an ncentive
for using wires embedded into a low modulus medium, as far
as the sensitivity of the critical pressure to the change 1n the
wire geometry and Young’s modulus of the wire material 1s
concerned.

If, for 1stance, a contact pressure of 60 psi 1s desirable,
then the spring constant of the elastic foundation provided by
the embedding elastic medium should be, with E=1.28
TPa=130612 kg/mm>=1.857x10° psi, as low as K=6.09x107>
psi. For the contact pressure of 100 psi1 the required spring,
constant is K=1.69x10™* psi.

It 1s noteworthy that each term in the right part of the
tormula (54) contributes half of the value of the critical force
expressed by the formula (55). This means that both the
flexural rigidity of the wire and the spring constant of the
clastic medium are equally important from the standpoint of
converting the buckling mode characterized by the formula
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(21), 1n the case of a free span wire, to the mode characterized
by the formula (55), in the case of a wire embedded 1nto a low
modulus medium.

Equating the formulas (28) and (55) and solving the
obtained equation for the spring constant K, we conclude that
the K value should not be lower than

(59)

. E(MT
w — I g .

if the mechanical behavior corresponding to the buckling
force (535) 1s to be achieved. If, for instance, the CNT 1s
characterized by a diameter-to-length ratio of 0.001, then
with E=1.28 TPa=130612 kg/mm~=1.857x10° psi, the mini-
mum spring constant value should be higher than K*=1.387x
107 psi.

Following 1s an analysis of spring constant of the embed-
ding medium. The spring constant K of the embedding
medium can be evaluated by the following formula obtained

carlier in application to low temperature microbending of
dual coated silica glass fibers:

drEo(l — v)(3 = 4v)

(1 +)|(3 = 4v)2In—t — (i /ro)” = 1

ro  (ri/ro)* +1

K (60)

where E 1s Young’s modulus of the elastic medium, v 1s 1ts
Poisson’s ratio, r, 1s the radius of the wire’s cross-section, and
r, 1s a large enough radius, at which the disturbance 1ntro-
duced by the displaced wire to the stress field 1n the elastic
medium becomes msignificant. Calculations indicate that the
r,/r, ratio in the above formula can be assumed equal to 30 for
the unrestricted medium, 1.e. for the situation, when the wires
in a WGA are located far enough from each other and there-

fore deform independently. Then the following simplification
of the formula (60) can be used:

AnEy(l = v) (61)

K =

(1 +1)(3 — dv)n—

Fo

Low modulus elastic media are typically characterized by
Poisson’s ratios close to 0.5. Then the formula (61) can be
turther simplified as follows:

(62)

Comparing this formula with the formula (59) we conclude
that the Young’s moduli ratio E/E, should not be lower than

(63)

[l

to achieve the desirable etfect due to the embedding medium.
I, for instance, 1/d=1000, then, with the radi ratio r,/r, equal
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to 30, we find that the Young’s modul1 ratio should not be
lower than 6.06x10™"*. With E=1.28 TPa=1.857x10°® psi, we
have E,=1.125x107 psi.

Following 1s an analysis of elastic curves and a character-
1stic equation. We examine a situation when the cantilever
wire 1s loaded by a compressive T and a lateral P loads applied
to 1ts free end. The lateral load can be due, for instance, to the
thermal expansion (contraction) mismatch of the dissimilar
materials that the wire 1s 1n contact with. An analysis based on
a linear approach 1s employed. It can be therefore used for
displacements that do not exceed the buckling conditions. We
proceed from the following equation of wire bending:

EIWY (x)+ Tw” () +Ew(x)=0. (64)

The notation 1s the same as in the equation (16). The origin
of coordinate x 1s at the clamped end of the wire. The char-

acteristic equation for the homogeneous differential equation
(64) 1s as follows:

T K (65)
4 2  —
CrE e Y
This bi-quadratic equation has the following four roots:
r (66)
=+ 2 1 + J 1 e
©TEN 2E \ TN T2

where the notation of equation (55) 1s used.

In pre-buckling mode (T9T,) formula (66) can be repre-
sented as:

e e (67)
where
Ljr T NEa (63)
MEANENT T PTANENTT
Hence, equation (64) has the following solution:
w(x)=Cg cosh y,x cos y,x+C'| cosh y;x sin y>x+C’ sinh
Y1X sin Y-x++C'5y sinh v, x cos Yo% (69)

where C _,n=0, 1, 2, 3 are constants of integration. The bound-
ary conditions are as follows:

w(0)=0,w (0)=0,w" ()=0,EIW*(D)+ TW (H+P=0 (70)

The first two conditions indicate that the displacement and
the angle of rotation at the clamped end should be zero. The
third condition retlects the fact that the bending moment at the
free end should be zero. The last condition 1s, 1n effect, the
equation of equilibrium for the following forces. It i1s the
projection of all the forces on the vertical axis: the lateral
force due to the wire deformation, the external lateral force, P,
and the projection of the external compressive load T.

The solution (69) and the boundary conditions (70) result
in the following formulas for the constants of integration:
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(71)

P\/ n—1 ) 4E1 \/7}2 — 1 coshucosy — sinhusiny

1 K n
P [n-1
Cz:__\/ﬂ_
'y 7

A AET sinhusinv + vV n% — 1 coshucosy
K D

where n=1T,/T, u=vyl, v="y,l, and

72
D= ECOShZH[(ﬂ + Dtanh®ucos?y — (1 — 1)sin®v] + (72)

1
Ecc:shzu[tanhzusinz Y — (7;2 — Dcos*v]

For a long enough wire the formulas (71) and (72) can be
simplified:

(73)

C) = _7_163

Y2
2P [n-1 A 41 1
T 1 K coshu
2P -1 J4FEl 1
C, = ——\/”— 4
T 1 K coshu

Considering the formula (57) for the buckling length, we
conclude that the constants of integration and, hence, the
ordinates of the deflection function are proportional to this
length. An exemplary and non-limiting elastic curve 910 for
equation (69) of a detlected wire 1s plotted in FIG. 9 for the
case;

V2 — 1 cosv — siny
(L +m(2—-n)

V12 =1 cosv + sinv
(L +mEZ-n

=40 pm,d=40 nm,K=10"* kg/mm~ E=1.3509x10"
kg/mm?*=1.32 TPa, 7=0.95T.

Buckling Mode (T=T )
In buckling mode (T=T ) equation (64) has the following
solution:

w(x)=C; sin yx+C5yx sin yx+C'5 cos yx+C, cos Yx, (74)
where
BE (75)
TN 2E1
The boundary conditions (70) vield:
2P 2cosu — usinu (76)

Ty u? —4 + 3sin®u’

2P sinu + ucosu

_TT 2 —4 + 3sin®u

C3 =0,

where u=yl. An exemplary and non-limiting elastic curve 920
of equation (74) of a wire 1s plotted 1n FIG. 9. All the mput
data, except the axial force, are the same as in the example for
the pre-buckling mode.
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In post-buckling mode (T9T) this case the equation (64)
has the following solution:

w(x)=C| sin Y x+C5 cos ¥ x+C'5 sin yox+C, COS YoX (77)
where
r r (78)
Y =4 557 SRR R = DR B =
\ 2E] T2 \ 2E] T2
and the constants of integration are as follows:
P 79
(| =-— %03 = —m(ﬁmsu —’)/%CDSV), (72)
Cr=—-Cy = l( SINLE — Yo S1NV)
2= =T Y1 v2
where
D=y, [ 2y, =Y Y20y, +y27)sin ¢ sin v=(y, 4y, )cos
cos v/ (80)

An exemplary and non-limiting elastic curve 930 of equa-
tion (77) 1s plotted 1n FIG. 9 for T=1.05T . All the input data,
except the axial force, are the same as 1n the example for the
pre-buckling mode.

The design for contact pressure involves the computed

Young’s moduli of the low modulus embedding medium
(E°x107 psi) and length-to-diameter ratios (1/d) for CNTs for

the given (vs) Young’s moduli of the CNT (E,TPa) and the
desired/required contact pressures (P_,ps1) are shown in FIG.
10. The table data can be used for actual physical design of a
CNT array (forest) module. The length-to-diameter ratios 1n
this table are based on the requirement that the buckling force
in the case of a wire embedded 1nto a low modulus medium 1s
the same as 1n the case of a free-span wire. This gives an
additional assurance that the design 1s stable enough, as far as
the contact pressure 1s concerned. The data shown 1n FIG. 10
are based on an assumption that the entire area 1s covered by
the WGA. If only a portion of the array covers the interface,
and/or a slightly oblique loading takes place, then the critical
pressure 1n the table should be multiplied by the correspond-
ing reduction factor.

If, for 1instance, one wishes to achieve a constant pressure
of 60 psi1, and the Young’s modulus of the CNT material 1s 1.0
Tpa, then a low modulus medium with the Young’s modulus
ol 0.00006329 psi should be used and CN'T's with the length-
to-diameter ratio of 611 should be employed. It the diameter
of the CNTs 1s, for example, 40 nm, then the length of the
CNTs should be 24 .4 microns.

The following conclusions can be drawn from the above
analysis:

a) Simple formulas have been developed for the evaluation
of the contact pressure due to, and of the deformed

shapes (elastic curves) of, the bent WGA wires in WGA
designs;
b) There 1s an incentive to use wires embedded 1n LMM for

the reduced sensitivity of the contact pressure to the
geometric characteristics of the wires;

c) A probabilistic analysis should be employed for the
prediction of the probabilistic characteristics of the bent
wires 1n WGA designs; and
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The conclusions herein are not intended to limait the inven-
tion disclosed but rather provide a theoretical analysis to the
invention.

Accordingly, although the mnvention has been described 1n
detail with reference to a particular preferred embodiment,
those possessing ordinary skill in the art to which this inven-
tion pertains will appreciate that various modifications and
enhancements may be made without departing from the spirit
and scope of the claims that follow.

The mvention claimed 1s:

1. An apparatus for the eflicient removal of heat from a hot
surface comprising:

an anchoring surface wherein the root portions of each of a
plurality of wires 1s anchored to said anchoring surface,
the wires being grown from the root portions, enabling
the conduction of the heat through said plurality of wires
away from the hot surface;

a base 1side of which said anchoring surface 1s mounted,
such that a free end of at least one of said plurality of
wires peers above side walls of said base; and

means for applying axial forces to the free ends of said
plurality of wires to create a contact pressure that cause
bending deformation of at least one of said plurality of
wires against said hot surface when said base 1s forced
against said hot surface;

wherein application of said axial forces increases any of:
the number of wires from said plurality of wires having

thermal contact to said hot surtace, and thermal con-
tact area between said hot surface and said at least one
of said plurality of wires, and wherein said contact
pressure 1s controlled, predetermined, and predicted
in an approach which 1s one of: deterministic or
probabilistic.

2. The apparatus of claim 1, wherein contact pressure
between said hot surface and said plurality of wires 1s the
square of the ratio between the diameter of said at least one of
said plurality of wires and the length of said at least one of said
plurality of wires multiplied by the ratio between the total
area ol said hot surface and the area of said hot surface
covered by said plurality of wires, turther multiplied by the
Young’s modulus of the material of said plurality of wires,
and fturther multiplied by a numerical constant.

3. The apparatus of claim 1, further comprising:

a low modulus continuous medium (LMM), said plurality
of wires being at least partially embedded within said
LMM.

4. The apparatus of claim 3, wherein a critical pressure
induced by said at least one of said plurality of wires being at
least partially embedded within said LMM 1s independent of
the diameter and the length of said at least one of said plurality
of wires.

5. The apparatus of claim 3, further comprising:

a secondary support structure placed over said LMM to
support said plurality of wires placed in said LMM.

6. The apparatus of claim 1, wherein said hot surface 1s a
semiconductor device.

7. The apparatus of claim 1, wherein a semiconductor
device 1s mounted onto said hot surface.

8. The apparatus of claim 1, wherein at least one of said
plurality of wires has an 1nitial curvature along 1ts length
dimension.

9. The apparatus of claim 1, wherein at least one of said
plurality of wires 1s at least partially coated with a coating
material, said coating material formed on said at least one of
said plurality of wires to subject said at least one of said
plurality of wires to a lateral load.
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10. The apparatus of claim 9, wherein said coating com-
prises any one of: a metal, a metal alloy, a multilayer system,
and a composite structure.

11. The apparatus of claim 10, wherein said metal com-
prises any ol: copper, gold, mickel, and titanium.
12. The apparatus of claim 1, wherein the free end of a wire

of said plurality of wires has an 1nitial offset with respect to
said wire’s anchoring position.

13. The apparatus of claim 1, wherein said wire comprises
any of: a rod, nanotube, nanowire, Velcro-type element,
beam, beam-like structure, fiber, and pillar.

14. The apparatus of claim 1, wherein the ratio between the
length dimension and the diameter dimension of said wire 1s
at least one hundred to one.

15. The apparatus of claim 14, wherein said wire has at
least one of: a length dimension between 20 and 100
micrometers, and a diameter dimension between 20 and 200
nanometers.

16. The apparatus of claim 1, further comprising:

at least a partial support for the free end of at least one of
said plurality of wires.

17. A semiconductor package comprising the apparatus of
claim 1.

18. A heat removing apparatus, comprising:

a compartment comprising ol heat conducting material and
having sidewalls;

an anchoring surface placed inside of said compartment;
and

a plurality of wires grown from said anchoring surface
from root positions, each of said plurality of wires
enabling the conduction of heat through said plurality of
wires, iree end of at least one of said plurality of wires
peering above the sidewalls of said compartment;

wherein application of axial forces causes a bending defor-
mation of the free end of at least one of said plurality of
wires when said free end 1s 1n at a contact point with a hot
surface, thereby increasing any of:

the number of wires from said plurality of wires having
thermal contact to said hot surface, and the thermal
contact area between said hot surface and said at least
one of said plurality of wires, and wherein said con-
tact pressure 1s controlled, predetermined, and pre-
dicted 1n an approach which 1s one of: deterministic or
probabilistic.

19. The apparatus of claim 18, wherein contact pressure at
said contact point 1s the square of the ratio between the diam-
cter of said at least one of said plurality of wires and the length
of said at least one of said plurality of wires multiplied by the
rat1o between the total area of said hot surface and the area of
said hot surface covered by said plurality of wires, further
multiplied by the Young’s modulus of the material of said
plurality of wires, and further multiplied by a numerical con-
stant.

20. The apparatus of claim 18, further comprising:

a low modulus continuous medium (LMM), said plurality
of wires being at least partially embedded within said
LMM.

21. The apparatus of claim 20, wherein a critical pressure
induced by said at least one of said plurality of wires being at
least partially embedded within said LMM 1s independent of
the diameter and the length of said at least one of said plurality
of wires.

22. The apparatus of claim 20, further comprising:

a secondary support structure placed over said LMM to
support said plurality of wires placed in said LMM.
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23. The apparatus of claim 18, wherein at least one of said
plurality of wires has an 1nitial curvature with respect to its
length dimension.

24. The apparatus of claim 18, wherein at least one of said
plurality of wires 1s at least partially coated with a coating
material, said coating material formed on said at least one of
said plurality of wires to subject said at least one of said
plurality of wires to a lateral load.

25. The apparatus of claim 18, wherein the free end of a
wire of said plurality of wires having an initial offset with
respect to said wire’s anchoring position.

26. The apparatus of claim 18, wherein said wire comprises
any of: a rod, nanotube, nanowire, Velcro-type element,
beam, beam-like structure, fiber, and pillar.

277. The apparatus of claim 18, wherein the ratio between
the length dimension and the diameter dimension of said wire
1s at least one hundred to one.

28. The apparatus of claim 18, wherein said wire has at
least one of: a length dimension of said wire 1s between 20 and
100 micrometers, and a diameter dimension of said wire 1s
between 20 and 200 nanometers.

29. A method for applying a contact pressure on a wire that
1s controlled, predetermined, and predicted, in a deterministic
or probabilistic approach, the method comprising the steps of:

growing a plurality of wires on an anchoring surface, each
wire growing from a root portion, said plurality of wires
enabling the conduction of heat through said plurality of
wires away Irom a hot surface;

placing said anchoring surface in a compartment made of a
heat conducting material and having sidewalls, wherein
the free end of atleast one of said plurality of wires peers
above said sidewalls; and

applying an axial force on said at least one of said plurality
of wires to cause a bending deformation of the free end
of at least one of said plurality of wires when said free
end 1s 1n at a contact point with a hot surface, thereby
increasing any of:
the number of wires from said plurality of wires having
thermal contact to said hot surface, and the thermal
contact area between said hot surface and said at least
one of said plurality of wires.

30. The method of claim 29, wherein said applying an axial
force results 1n a contact pressure at said contact point that 1s
the square of the ratio between the diameter of said at least
one of said plurality of wires and the length of said at least one
of said plurality of wires multiplied by the ratio between the
total area of said hot surface and the area of said hot surface
covered by said plurality of wires, further multiplied by the
Young’s modulus of the material of said plurality of wires,
and further multiplied by a numerical constant.

31. The method of claim 30, further comprising the step of:

adding a low modulus continuous medium (LMM) 1nto

said compartment wherein said plurality of wires are at
least partially embedded within said LMM.

32. The method of claim 31, further comprising the step of:

placing a secondary support structure over said LMM to
support said plurality of wires placed in said LMM.

33. The method of claim 29, further comprising the step of:

causing at least one of said plurality of wires to have an
initial curvature with respect to 1ts length dimension.

34. The method of claim 29, further comprising the step of:

coating at least one of said plurality of wires with a coating
material, said coating material formed on said at least
one of said plurality of wires and subjecting said at least
one of said plurality of wires to a lateral load.
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35. The method of claim 29, further comprising the step of: growing said plurality of wires to a length dimension thatis
growing said plurality of wires wherein the ratio between between 20 and 100 micrometers; and
the length dimension and the diameter dimension of said growing said plurality of wires to a diameter dimension
wire 1s at least one hundred to one. that 1s between 20 and 200 nanometers.

36. The method of claim 29, further comprising atleast one 53
of the steps of: I
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